Valproate (VPA) can suppress absence and other seizures, but its precise mechanisms of action are not completely understood. We investigated whether VPA influences the expression of neuropeptide Y (NPY), an endogenous anticonvulsant. Chronic VPA administration to young rats (300 -600 mg ⅐ kg 
Introduction
Neuropeptide Y (NPY), the most abundant neuropeptide in the CNS, is expressed in a subset of hippocampal and cortical interneurons as well as virtually all neurons of the nucleus reticularis thalami (nRt). It exerts diverse effects [e.g., on feeding (Erickson et al., 1996) , neuronal proliferation (Hansel et al., 2001) , and angiogenesis (Ekstrand et al., 2003) ] and is a putative endogenous anticonvulsant (Vezzani et al., 1999; Vezzani and Sperk, 2004) . Results from several studies suggest that NPY regulation is an important modulator of epilepsy and epileptogenesis. NPY upregulation in various brain regions was found in response to kindling (Marksteiner et al., 1990) , and NPY delayed kindling progression in the hippocampus (HC) (Reibel et al., 2000) . Increased NPY expression occurs in hippocampal mossy fibers in the pilocarpine model of epileptogenesis (Tu et al., 2005) . NPY knock-out mice have a decreased seizure threshold and exhibit occasional spontaneous seizures (Erickson et al., 1996) .
NPY is a ligand for a family of six G-protein-coupled receptors (Y 1 -Y 6 ). In the thalamus, a forebrain region centrally involved in the generation of typical absence seizures (Meeren et al., 2002) , Y 1 receptors mediate activation of inwardly rectifying potassium channels, whereas Y 2 receptor activation inhibits high-voltagegated calcium channels and thus neurotransmitter release (Sun et al., 2001a,b) . In rodent slices, stimulus trains delivered to the afferent fibers in the internal capsule activate nRt neurons, triggering NPY release and activation of Y 1 receptors. The resulting long-lasting hyperpolarization of nRt cells is a potentially antiepileptic effect (Sun et al., 2003b) .
Valproate (VPA) is used in the treatment of absence and other seizures (Löscher, 1999) ; however, its exact mechanism of action is not fully understood. VPA exerts profound effects on gene transcription, through inhibition of histone deacetylase (Phiel et al., 2001 ) and activation of transcription factors and signaling cascades (Asghari et al., 1998; Chen et al., 1999; Einat et al., 2003; Ren et al., 2004; Hao et al., 2004) . In addition, it has been shown to have direct effects on GABA (Eckstein-Ludwig et al., 1999; Fraser et al., 1999; Whitlow et al., 2003) and glutamate (Ueda and Willmore, 2000; Hassel et al., 2001; Morland et al., 2004) transporters. However, there is little general consensus on the qualitative and quantitative characteristics of these effects. Clinical data suggest that VPA has both immediate and longer-lasting effects: although it effectively treats status epilepticus (Sirven and Waterhouse, 2003) , there is poor correlation between plasma levels and clinical efficacy (Burr et al., 1984; Chadwick, 1985; Sundqvist et al., 1998) , effective seizure control may only be achieved after days or weeks of treatment (Henriksen and Johannessen, 1982; Bourgeois et al., 1987) , and effects may persist after cessation of treatment (Rowan et al., 1979) .
Preliminary data from hippocampal cultures suggest that VPA treatment can alter NPY expression (Nadi et al., 1999 ). Here, we tested whether chronic VPA administration influences NPY expression and signaling in rat CNS, especially in thalamus, and whether this might be at least in part responsible for its chronic antiepileptic effects.
Materials and Methods
Animals. All experiments were performed according to protocols approved by the Stanford Institutional Animal Care and Use Committee. For chronic treatments, Sprague Dawley rats aged postnatal day 20 (P20) and older at the end of the trial were injected intraperitoneally every 8 h for up to 4 d with 200 mg/kg sodium valproate (VPA), the pharmacologically inactive analog sodium octanoate (OA) (Löscher and Nau, 1985) , 67 mg/ml diluted in water (Löscher and Honack, 1995) , or the same volume of saline. Younger rats (P14 and P15 at the end of the trial) were injected subcutaneously with 50 mg/kg VPA or OA on the first day, 100 mg/kg on the second, and 200 mg/kg on subsequent days. Higher initial doses were found to cause sedation and failure to feed, similar to clinical symptoms of acute VPA overdose (Eyer et al., 2005) . The dosages administered have been shown to result in serum VPA levels similar to those seen in patients receiving VPA treatment (Löscher and Honack, 1995) .
Slice/tissue preparation. Rats (P13-P15 for electrophysiology; P14 -P24 for RNA and peptide extraction) were anesthetized with 50 mg/kg sodium pentobarbital and decapitated ϳ2-4 h after the last injection. Brains were immediately transferred into cold sucrose solution containing the following (in mM): 234 sucrose, 11 glucose, 24 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , and 0.5 CaCl 2 , equilibrated with a 95-5% mixture of O 2 and CO 2 . Horizontal slices (400 m) were cut on a VT 1000S Vibratome (Leica, Bensheim, Germany) at 4°C in sucrose solution. For electrophysiological recordings, slices were trimmed to exclude hippocampus and cortex and incubated in a holding chamber filled with artificial CSF (ACSF) (in mM: 126 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 3 PO 4 , 2 CaCl 2 , 2 MgCl 2 , 10 glucose, equilibrated with 95% O 2 /5% CO 2 , pH 7.4) at 32°C for 1 h and subsequently in the same solution at room temperature. For RNA and peptide extraction, nRt, neocortex, and hippocampus were microdissected from 400 m horizontal slices and immediately immersed in Trizol solution (for RNA extraction) or flash frozen in liquid nitrogen (for peptide extraction) and stored at Ϫ70°C.
Quantitative RT-PCR (qRT-PCR) . Microdissected tissue was placed in 1 ml of Trizol (Invitrogen, San Diego, CA). Addition of 250 l of chloroform (Sigma, St. Louis, MO) was followed by centrifugation and collection of the upper, aqueous phase containing the RNA. Total RNA was precipitated by adding 500 l of isopropanol followed by a 75% ethanol wash and air-drying. One microgram of total RNA was reverse transcribed using the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). Primers used in this study are listed in Table 1 . qRT-PCR was performed using 30 l triplicate reactions with 1ϫ IQ SYBR Green Supermix (BioRad), 0.5 M each primer, and 0.5 ng/l cDNA (RNA equivalent) for each tissue sample and each gene on the MyIQ Single-Color Real-Time PCR Detection System (Bio-Rad). PCR parameters were as follows: 5 min at 95°C, 45 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C, followed by melt curve analysis. We detected fluorescence at 490 nm at the start of the annealing step (60°C) in each cycle. The raw, backgroundsubtracted fluorescence data provided in the MyIQ software were analyzed by the real-time PCR Miner program (Zhao and Fernald, 2005) . The resulting PCR efficiency and fractional cycle number of the threshold (C T ) were used for transcript quantification. mRNA expression was normalized to ␤-actin mRNA.
Radioimmunoassay. For peptide extraction, microdissected tissue was resuspended in 0.5 M acetic acid, homogenized using a Polytron tissue homogenizer and boiled for 10 -15 min (Kraiczi et al., 1997) . Debris was pelleted by centrifugation at 5000 ϫ g for 10 min at 4°C, and the supernatants were vacuum dried and resuspended in 200 -500 l of radioimmunoassay buffer (Peninsula Laboratories, Belmont, CA). Total protein content was determined in triplicate for each sample (BCA protein assay kit; Pierce, Rockford, IL). Radioimmunoassays were performed using a commercial kit (Bachem, Torrance, CA). Briefly, samples were analyzed using 150 g of protein each and quantified in duplicate or triplicate according to a standard curve using known NPY concentrations (1-128 pg/reaction). Controls and samples were incubated overnight at 4°C in a rabbit polyclonal NPY antibody solution. After addition of 125 I-labeled NPY, samples and standards were incubated overnight at 4°C. Goat-antirabbit IgG serum and normal rabbit serum were added to precipitate antibody-bound complexes at room temperature, which were then pelleted by centrifugation at 1700 ϫ g for 20 min at 4°C. Supernatants were discarded and the radioactive counts determined in a gamma counter (Gamma4000; BioNiQuest, Concord, CA).
Immunohistochemistry. Rats were deeply anesthetized with 50 mg/kg sodium pentobarbital and transcardially perfused with 100 ml of saline, followed by 300 ml of 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were removed and postfixed overnight at 4°C, cryoprotected in 30% sucrose for 2-3 d at 4°C, frozen, and sectioned at 40 m on a cryotome (HM 400; Microm, Heidelberg, Germany). Sections were stored in PBS, pH 7.4 at 4°C for a maximum of 14 d. Sections were processed in a manner similar to the protocol described previously (Sun et al., 2003b) . Free-floating sections were rinsed in 75% ethanol and PBS and then blocked in 10% normal goat serum/PBS for 2 h. Subsequently, they were incubated on a rotary shaker for 16 h at 4°C in a mixture of rabbit polyclonal NPY antiserum (1:1000 dilution; Sigma) and monoclonal mouse NeuN antibodies (1:1000 dilution; Chemicon, Temecula, CA) in PBS and 0.2% Triton X-100. After rinsing in PBS, sections were incubated on a rotary shaker at room temperature with fluorescence-labeled goat anti-rabbit (Alexa Fluor 488; 2 g/ml; Invitrogen) and goat antimouse IgG (Alexa Fluor 568; 2 g/ml; Invitrogen) for 1 h. Sections were mounted on SuperfrostPlus slides (Fisher Scientific, Houston, TX) and coverslipped using Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Double immunofluorescence was assessed by confocal microscopy (LSM 510 Confocal Laser Scanning Microscope; Zeiss, Oberkochen, Germany). Red (NeuN/Alexa Fluor 568; excitation wavelength, 543 nm; emission analyzed for Ͼ 560 nm) and green (NPY/ Alexa Fluor 488; excitation wavelength, 488 nm; emission analyzed at ϭ 500 -530 nm) immunofluorescence channels were imaged. For each paired trial, matched images were compared semiquantitatively, and identical image acquisition settings were chosen such that pixel intensi- TGT GTC TCC CGT TCA CCT TTG TGT TAG CTG ATG ACG TTC CAC AGC GAT ties in each channel were not saturated. Brains of VPA-and OA-treated littermates in each trial were processed strictly in parallel during all steps involved in fixing, sectioning, and staining, and the investigators processing the sections and analyzing the data were blinded to the treatment of the animals. Images (20ϫ) from two to six sections per animal and brain region were analyzed using SigmaScan Pro5 software. Red immunofluorescence (NeuN) demarcated the area of each neuronal soma. Because NeuN expression was unaltered by the various treatments, we selected the area to be analyzed based on clearly visible somata. In nRt, where NPY expression was mainly somatic, red and green pixel intensities were recorded for these areas and the average green (NPY) pixel intensity was normalized to the average red (NeuN) pixel intensity for each clearly outlined soma. We then averaged individual green/red ratios for each section and each animal. To quantify NPY immunofluorescence in paraventricular nucleus of the hypothalamus (PVN), paraventricular nucleus of the thalamus (PVT), cortex, and dentate gyrus (areas expressing NPY mainly in processes) we calculated average green pixel intensities in demarcated areas and normalized the values to the average red pixel intensities in somata contained within these areas. To demarcate processes, we set a threshold at 2ϫ nonspecific background as measured in a visually identified area that did not contain specific NPY or NeuN immunofluorescence. Extracellular recordings. Extracellular thalamic recordings were performed as described previously (Huguenard and Prince, 1994; Sun et al., 2002 Sun et al., , 2003b . Briefly, slices were transferred into an interface recording chamber and superfused with modified ACSF solution containing 1 mM MgCl 2 , 20 M bicuculline methiodide, and 500 M L-glutamine. Extracellular multiple-unit activities in nRt were recorded using monopolar tungsten electrodes (0.2-2 M⍀; Frederick Haer, Bowdoinham, ME) and a Grass amplifier (bandwidth, 0.03-3 kHz). All data were digitized (10 kHz) and stored using pClamp software (Molecular Devices, Palo Alto, CA). Single extracellular stimuli (40 s) were delivered to the internal capsule at intervals between 20 and 60 s through a bipolar sharpened tungsten electrode. Typically, 10 sweeps were recorded in control solution (ACSF), 10 sweeps in ACSF with the test substance at the indicated concentrations, and the remaining 16 sweeps in ACSF (washout). The first four ACSF sweeps, as well as the first two test substance and washout sweeps were excluded from data analysis. When comparing slices from OA-to VPA-treated animals, slices were prepared in parallel and recordings were made in an alternating pattern. To quantify the degree of synchrony and the duration of the ensuing thalamic oscillations, autocorrelograms were constructed from the spike times obtained from extracellular recordings. Distinct autocorrelogram components were measured using a modified Gabor function:
, where A O and A R are the amplitudes and O and R the decay constants of the oscillatory and nonoscillatory components, respectively; p is the period of the oscillatory component; and t is time (Cox et al., 1997) . We rejected recordings in which O during drug washout was not within 75-133% of control (ACSF) conditions or in which the coefficient of variation for O exceeded 5%. Statistics. Error bars represent SEMs. We tested for statistical significance using an unpaired t test except for the data in Figure 2 (radioimmunoassay) in which a two-way ANOVA followed by Bonferroni's post test was used. We used normalized data to analyze amplitude and duration of thalamic oscillations under various conditions, because these parameters were highly variable between slices and there was no significant correlation between either oscillation decay constant or amplitude under control conditions and the extent of change associated with BIBP3226 treatment (data not shown).
Reagents and concentrations. Reagents and concentrations were as follows: N2-(diphenylacetyl)-N-[(4-hydroxyphenyl)methyl]-D-arginine-

Results
In this study, we assessed the influence of chronic VPA treatment on the expression and signaling of NPY.
Chronic VPA treatment increases NPY mRNA expression For quantification of NPY transcript levels, we microdissected nRt, hippocampus, and neocortex of P20 rats chronically treated with VPA or OA, and an investigator blinded to the treatment of the animals performed RNA extraction, reverse transcription, and quantitative PCR analysis. Chronic VPA treatment was associated with a significant increase in NPY mRNA in nRt (ϩ62.7 Ϯ 11.5%; n ϭ 6; p Ͻ 0.01) and hippocampus (ϩ41.1 Ϯ 9.0%; n ϭ 5; p Ͻ 0.005), but not in cortex (ϩ9.1 Ϯ 4.1%; n ϭ 6; p Ͼ 0.1), whereas no significant changes were observed for transcripts of three other neuropeptides expressed in thalamus, cholecystokinin (CCK), somatostatin (SST), and vasoactive intestinal polypeptide (VIP) or for Y 1 receptor mRNA (Fig. 1) .
Chronic VPA treatment results in elevated NPY protein levels To assess whether there was a comparable expression change for the protein product as well, NPY levels in cortex, hippocampus, and nRt were quantified using a radioimmunoassay. Rats used in these experiments were likewise chronically treated with VPA or OA for 4 d (n ϭ 4 each). Results for rats aged P24 were consistent with mRNA analysis (Fig. 2) , showing significant increase in NPY protein in nRt (ϩ30.4 Ϯ 8.4%; p Ͻ 0.05) and in hippocampus (ϩ24.9 Ϯ 1.7%; p Ͻ 0.05), whereas cortical NPY levels were not significantly altered (Ϫ2.8 Ϯ 8.4%) compared with controls. P14 animals were chronically treated with 50 or 100 mg/kg VPA or OA (data summarized), and we found a trend similar to what we had observed in the older animals: no significant alterations in NPY levels in cortex (ϩ11.6 Ϯ 9.1%), but significant increases in nRt (ϩ35.7 Ϯ 8.2%; p Ͻ 0.05) and hippocampus (ϩ17.4 Ϯ 2.4%; p Ͻ 0.05).
To address NPY expression within tissues of interest, we performed semiquantitative fluorescent immunohistochemical costainings using antibodies against NPY and NeuN, a neuronal marker protein that was used to localize neuronal somata and normalize NPY immunofluorescence. Figure 3 shows representative overview images of a number of brain regions in coronal sections from chronically OA- (Fig. 3A1,B1 ,C1,D1,E1) and VPA- (Fig. 3A2,B2 ,C2,D2,E2) treated P24 littermates. The brain regions examined were nRt (Fig. 3A1,A2) , the dentate gyrus (HC) (Fig. 3B1,B2 ), middle layers of the primary somatosensory cortex (CX) (Fig. 3C1,C2 ), the PVT (Fig. 3D1,D2) , and the PVN (Fig.  3E1,E2 ). The latter two brain regions contain dense dendritic processes expressing high levels of NPY (Chronwall et al., 1985; Tabb et al., 2004) . NeuN immunofluorescence, shown in red, was detected in nuclei and cell bodies and its intensity did not vary significantly between tissue from OA-and VPA-treated animals. Green immunofluorescence, corresponding to NPY, was found in cell bodies as well as processes. In the nRt, NPY colocalized with virtually all NeuN-expressing cells (i.e., all presumptive neurons), whereas no NPY immunofluorescence was found in cell bodies of thalamocortical relay neurons in the neighboring ventrobasal nucleus of the thalamus (VB) (line indicating border with nRt).
Quantification of the intensities for NPY-specific immunofluorescence, normalized to NeuN-specific immunofluorescence in nRt, dentate gyrus, cortex, PVT, and PVN of VPA-and OAtreated animals revealed higher NPY/NeuN ratios with chronic VPA treatment in nRt and dentate gyrus but not in the other regions examined (Table 2 ) (two to six sections each from six animals, each aged P14, and four animals, each aged P24). In nRt, where virtually all neurons express NPY, we quantified NPY and NeuN immunofluorescence within cell bodies. In the other regions, NPY-expressing neurons were sparse and immunoreactivity mainly localized to processes where there was no NeuN staining. We therefore quantified NPY immunoreactivity in processes and by normalizing it to NeuN immunoreactivity in cell bodies in the immediate vicinity of the NPY-positive processes in the same image. In the dentate gyrus, we observed increased NPY expression both in hilar NPY-expressing interneurons and in molecular layer fibers (Fig. 3, compare B1, B2) . Figure 4 shows detailed images of thalamus of chronically OA-(A1-A3) or VPA-(B1-B3) treated animals. The elevated NPY expression is evident in cell bodies of nRt neurons as well as in fibers (Fig. 4 B2, arrowheads) and in diffuse gray matter staining (Fig. 4, compare A2, B2 ). In the merged NPY (green) and NeuN (red) images, the elevated somatic NPY expression causes cell bodies of nRt neurons to look yellow (Fig. 4 A3,B3) . No equivalent intensity differences were observed for the control protein, NeuN (Fig. 4, compare A1, B1 ).
Effect of VPA on thalamic oscillations and NPY signaling
To determine whether the upregulation of NPY mRNA and protein results in increased amounts of mature, releasable NPY, we studied oscillations in thalamic slices from young rats. Pharmacological studies in this system have provided evidence for NPY release and subsequent physiological modulation of oscillatory network activity (Sun et al., 2003b) , and provide an experimental model in which to quantify physiological effects of NPY signaling within the nRt.
Chronic VPA treatment affects spontaneous oscillations
Before investigating the impact of VPA-mediated NPY upregulation, we determined the effects of chronic and acute VPA treatment on thalamic oscillations, because VPA may also affect neuronal excitability in the thalamus through mechanisms independent of NPY. In 20 M bicuculline methiodide and 1 mM Mg 2ϩ , thalamic slices will oscillate spontaneously (Jacobsen et al., 2001) . We recorded spontaneous thalamic oscillations under these conditions using two recording electrodes within the nRt, spaced ϳ0.5 mm apart. Several differences in spontaneous activity were found in slices from chronically VPA-treated animals compared with OA controls (VPA, nine slices from four animals; OA, six slices from three animals). First, slices from VPA-treated animals oscillated with a higher intrinsic frequency (Fig. 5A1) ; the average period being 366 Ϯ 14 (2.7 Hz) ms compared with 423 Ϯ 13 ms (2.4 Hz) in controls ( p Ͻ 0.05) (Fig. 5A2) . Second, oscillation asynchrony (i.e., the amount of time oscillations were recorded in only one of the closely spaced electrodes) was elevated with VPA treatment. Figure 5B1 shows representative simultaneously recorded traces from a VPA-treated animal. Oscillations were either absent on both electrodes (indicated by gray central line), recorded simultaneously (synchronously) on both electrodes (black line), or recorded on only one electrode (black dotted line). The last includes cases in which either an entire oscillation was detected with only one electrode or oscillations began or ended asynchronously. Expressing the time during which oscillations were recorded with only one electrode as a fraction of the total time oscillations were recorded on either electrode (Fig. 5B2) , we found that this "oscillation asynchrony" was significantly higher with VPA treatment (OA, 5.1 Ϯ 1.3%; VPA, 20.4 Ϯ 4.5%; p Ͻ 0.05). Third, we measured the mean duration of spontaneous oscillations within the first 250 s of recordings and found a significant reduction in slices from chronically VPA-treated animals (22.7 Ϯ 2.1 s for OA; 16.3 Ϯ 1.3 s for VPA; p Ͻ 0.005) (Fig. 5C ). We also compared the overall time oscillations that were recorded in each slice within the first 250 s of recordings. This percentage of time oscillating was slightly reduced in slices from VPA-treated animals, but not to the level of statistical significance (OA, 34 Ϯ 7%; VPA, 25 Ϯ 3%; p Ͼ 0.05) (Fig. 5D ). Chronic VPA treatment thus affected several aspects of spontaneous oscillations by increasing the bursting frequency within an oscillation, as well as decreasing oscillation synchrony and the duration of oscillations.
Chronic VPA treatment potentiates the effect of NPY on evoked oscillations
The Y 1 receptor blocker BIBP3226 causes network disinhibition in the thalamus (Sun et al., 2003b) . Figure 6 shows example traces (A1) of a representative evoked oscillations from a chronically VPA-treated P14 animal before, during, and after BIBP3226 superfusion. Data from all traces of the recording were summarized in a contour plot (Fig. 6 A2) where the x-axis represents time within each oscillation, the y-axis represents the time course throughout the experiment (sweep by sweep), and the grayscale intensity (z-axis) represents the number of spikes within 50 ms bins. BIBP3226 caused a reversible increase in the duration of the oscillations. Figure 6 A3 shows autocorrelograms quantifying the increase in oscillatory decay constant in response to BIBP3226 superfusion. To quantify the effect of BIBP3226 on oscillations in slices from OA-and VPA-treated animals (P13-P15; OA: seven animals, 17 slices; VPA: eight animals, 17 slices), we measured and compared the decay constants and amplitudes of the oscillatory and random components of the control, BIBP3226, and washout phases of each recording. When analyzing oscillation decay constants, we found a significantly larger extent of network disinhibition (i.e., oscillatory enhancement) in response to BIBP3226 superfusion in slices from chronically VPA-treated animals (OA: 5.2 Ϯ 1.8% increase over control, n ϭ 7; VPA: 16.7 Ϯ 4.5% increase, n ϭ 8; p Ͻ 0.05) (Fig. 6C1,C2) . BIBP3226 also caused an increase in oscillatory strength (i.e., the peak amplitude of the autocorrelogram) (Fig. 6 D1) in slices from VPA-and OAtreated animals. In our sample, the increase was higher in VPAtreated animals, but this trend was not statistically significant (OA: 17.3 Ϯ 7.3% increase over control, n ϭ 7; VPA: 28.2 Ϯ 4.7% increase, n ϭ 7; p Ͼ 0.05) (Fig. 6 D2) . The extent of random spiking during these recordings was found to be highly variable and unrelated to the type of chronic treatment. The period of the oscillation was reduced in slices from VPA-treated animals, similar to what had been observed in spontaneously oscillating slice preparations (OA: 315 Ϯ 13 ms, n ϭ 7; VPA: 272 Ϯ 11 ms, n ϭ 7; p Ͻ 0.05). However, BIBP3226 did not significantly affect the period of the oscillation. These results are summarized in Table 3 .
BIBP3226 does not modulate thalamic oscillations through NPFF receptors
It has been reported that BIBP3226 also acts as an antagonist at NPFF receptors and that those receptors, among other brain regions, are expressed in nRt (Bonini et al., 2000; Mollereau et al., 2001) . To ensure that the effect of BIBP3226 was mediated by Y 1 receptor and not NPFF receptor blockade, we assessed whether NPFF had an effect on oscillations in thalamic slices. At a saturating concentration of 2 M, exogenously applied NPFF had no detectable effect on the duration, amplitude, and period of evoked oscillations (n ϭ 4) ( Table 4) . Thus, NPFF receptor antagonism is unlikely to contribute to the potentiation of the BIBP3226-mediated disinhibition of thalamic oscillatory activity observed in chronically VPA-treated rats.
Acute VPA treatment does not affect evoked oscillations
Because we were interested in the chronic effects of VPA treatment, we needed to assess any potential acute effects of VPA still present in the slices. Although slices had been in a holding chamber for at least an hour before recordings and were continually superfused with fresh ACSF during recordings, VPA likely remained bound to proteins or the cell membrane. We superfused slices from naive animals with VPA for up to 25 min and detected no reproducible alterations in the duration or amplitude of evoked oscillations at VPA concentrations of up to 1 mM (Fig.  6 B1-B3) , which likely exceeds VPA concentrations resulting from chronic treatment in vivo (Henriksen and Johannessen, 1982) . The effects of acute VPA on thalamic oscillations thus appear to be insignificant in our slice preparation.
Discussion
We wanted to test the hypothesis that chronic VPA treatment leads to increased NPY expression in vivo and constitutes an antiepileptic action of VPA. The results presented here show that chronic but not acute VPA treatment resulted in increased NPY expression in a subset of the brain regions examined. Specifically, NPY was upregulated in nRt and hippocampus, but not in neocortex, suggesting that VPA influences NPY mRNA transcription and protein expression but not to an equal extent in all brain regions.
What might lead to the specific upregulation in nRt and hippocampus? One possibility is that longer VPA treatment than the 4 d used in this study might result in upregulation of NPY in other brain regions as well. Another is that the effects of VPA on NPY expression requires a concomitant increase in neuronal activity, which by itself affects NPY expression in rat cortical interneurons (Wirth et al., 1998) . Alternatively, VPA might accumulate in different brain regions at different rates (Wieser, 1991) . The dependence on chronic treatment suggests a time course in the order of hours/days, consistent with the time courses of VPA-mediated transcriptional changes in tissue culture (Chen et al., 1999) and in vivo (Hao et al., 2004 ).
VPA appears to affect NPY transcription in a specific manner, because we did not observe transcriptional changes in a number of other neuropeptides (SST, VIP, CCK) that have been shown to modulate thalamic oscillations (Cox et al., 1997; Sun et al., 2003a ). We did not observe changes in Y 1 receptor mRNA. Y 1 receptor downregulation has been shown to accompany NPY upregulation in a number of studies in human and rat CNS (Kopp et al., 1999; Furtinger et al., 2001) , although none of these studies involved the nRt. Y 1 receptor downregulation could offset or obscure the effects of increased NPY expression. However, in our model system, this does not appear to be the case.
Using immunohistochemical codetection of NPY and the neuronal marker protein NeuN, we found that virtually all neurons in nRt express NPY, with the majority of immunoreactivity found in the cell bodies, but also in dendritic/axonal staining and punctate staining outside cell bodies or processes, possibly representing synaptically localized NPY. Consistent with our qRT-PCR and radioimmunoassay results, NPY immunoreactivity was elevated in chronically, but not acutely, VPA-treated animals compared with OA controls. We observed similar increases in NPY expression in paired comparisons with OA, saline, and sham controls (data not shown), indicating that our pharmacologically inactive control, OA (Löscher and Nau, 1985) , does not itself influence NPY expression. We detected similar increases in NPY expression in animals aged P15-P47, indicating that these effects of VPA in nRt are not limited to a specific developmental stage.
VPA influences a multitude of cellular signaling cascades causing wide-ranging changes in gene expression. VPA inhibits histone deacetylase, thereby promoting expression of genes containing REST-1 promoter elements, leading, for example, to the induction of the wnt pathway (Phiel et al., 2001; Ren et al., 2004) . Independently from that, VPA induces the erk pathway leading to BDNF-mediated TrkB activation (Einat et al., 2003; Hao et al., 2004) . Separate studies have shown that TrkB activation causes increased transcription of NPY mRNA in cultured cortical neurons (Nawa et al., 1993; Barnea et al., 2004) . A recent preliminary report using cultured neuroblastoma cells indeed shows a cascade from VPA-mediated erk pathway induction to BDNF-mediated TrkB activation and NPY expression (Nadi et al., 2005) .
NPY undergoes a sequence of steps in its maturation process, including proteolytic cleavage, removal of the C-terminal residue, and C-terminal amidation . The intermediates in NPY biosynthesis are likely also detected by the immunological assays used in this study. We therefore wanted to investigate whether NPY mRNA and protein upregulation results in a functional increase in NPY signaling.
To assess a potential effect of increased NPY signaling on thalamic oscillations, we first established what effects chronic and acute VPA treatment itself had on thalamic oscillations. VPA treatment was found to be associated with several alterations in spontaneous thalamic bursting. The intraoscillation burst frequency was increased significantly and consistently in every pair of animals analyzed. Factors affecting bursting frequency include H current magnitude (Luthi and McCormick, 1998) and relative contributions of GABA A and GABA B receptors to relay neuron inhibition (Huguenard, 1999) . In our preparation, GABA A receptors were blocked; thus a shift in dependence from GABA A to Littermates were used in each trial. Adult (P32-P47): OA, n ϭ 4; VPA, n ϭ 5. Juvenile (P20 -P24): chronic: OA, n ϭ 4; VPA, n ϭ 4; acute: OA, n ϭ 4; VPA, n ϭ 4. Young (P14 -P15): OA, n ϭ 6; VPA, n ϭ 6. DG, Dentate gyrus; -, not determined. GABA B receptors is unlikely to be involved. Other potential factors could be briefer excitation of relay neurons through Y 2 receptor-mediated inhibition of presynaptic calcium channels (Sun et al., 2001b) or perhaps altered neurotransmitter reuptake. The average duration of oscillations was reduced in slices from VPA-treated animals, suggesting a general decrease in neuronal excitability. Again, a number of presynaptic and postsynaptic mechanisms could be responsible, as well as alterations in neurotransmitter transporter activity. Oscillation synchrony was reduced with chronic VPA treatment, indicating that fewer neurons were recruited into oscillations under these conditions. It is unclear to what extent oscillation asynchrony is an artifact of slice preparation, but it can nevertheless be viewed as a measure of overall network excitability. These three parameters (oscillation duration, asynchony, and period) could potentially be affected by only one or by several underlying mechanisms, as will be discussed below.
Acutely applied VPA has been reported to block the paroxysmal depolarizing shift (PDS) in hippocampal CA3 neurons (Griffith and Taylor, 1988) , to reduce both duration and frequency of spontaneous synchronized bursting in hippocampal CA1 and CA3 areas (Arias and Bowlby, 2005) and to inhibit the NMDAdependent PDS in amygdalar slices (Gean et al., 1994) . Additionally, VPA has acute effects clinically, such as stopping status epilepticus (Sirven and Waterhouse, 2003) . Acute VPA treatment, even at high concentrations, however, had no obvious effect on the oscillation parameters examined in this study. Acutely applied VPA thus likely modulates neuronal excitability via physiological targets that do not play a significant role in thalamic oscillations, affecting neither bursting frequency, amplitude, nor duration of evoked thalamic oscillations.
Absence seizures, detected by EEG in vivo in GAERS (genetic absence epilepsy rats of Strasbourg) rats, are inhibited by NPY (Stroud et al., 2005) . In thalamic slice preparations, exogenous NPY inhibits thalamic oscillations, whereas application of the Y 1 receptor inhibitor BIBP3226 had the opposite effect (Sun et al., 2003b) . The BIBP3226-dependent enhancement of thalamic oscillations was observed in the absence of exogenous NPY, indicating that NPY is released endogenously and has a measurable effect on synchronized neuronal activity (Sun et al., 2003b) . We thus hypothesize that an increase in active, releasable NPY can be detected indirectly by a potentiation of the effect of BIBP3226. Indeed, the oscillation decay constant, representative of oscillation duration, was increased after Y 1 receptor blockade. The degree of BIBP3226-mediated network disinhibition was significantly larger in chronically VPA-treated animals, showing in fact an increase in mature NPY with VPA treatment. However, BIBP3226 had little or no effect on oscillation frequency, suggesting that NPY acting via Y 1 receptor activity does not contribute to the increased frequency observed in slices from VPA-treated animals. Future studies could attempt to elucidate whether NPY acting through other Y receptors is responsible for the observed alteration of bursting frequency with chronic VPA treatment, or whether this constitutes an entirely separate mechanism of action.
Neurons within the nRt play a central role in the propagation of thalamic oscillations through feedback inhibition of thalamocortical relay neurons. There, hyperpolarization causes a rebound burst firing through de-inactivation of low-threshold calcium channels, leading to reexcitation of nRt neurons (Huguenard, 1999) . Because relay neurons do not express measurable amounts of NPY, but both nRt and relay neurons express Y 1 receptors, nRt neurons may form NPYergic terminals onto relay neurons as well as onto each other. Within the thalamus, NPY activates postsynaptic inwardly rectifying potassium channels through Y 1 receptors, whereas Y 2 receptor activation inhibits presynaptic calcium channels (Sun et al., 2001a,b) . Increased NPY released from nRt could thus cause hyperpolarization in other nRt neurons, reducing the number of action potentials fired, the extent of subsequent relay neuron hyperpolarization, leading to less complete T-type calcium channel de-inactivation and a smaller rebound burst. VPA is used in the management of absence as well as complex partial seizures (temporal lobe epilepsy) (Willmore, 2003) , suggesting that specific NPY upregulation in the nRt and dentate gyrus, regions involved in the propagation of absence and temporal lobe seizures, respectively, may indeed constitute one of its clinical mechanisms of action.
